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This paper proposes a novel bidirectional linkage between a long-term energy system model and an
operational power market model. This combined modelling framework provides long-term energy
system investment strategies that explicitly consider the operational complexity of the power sector. The
linkage is demonstrated using an energy system model of Norway and a European power market model
with a specific high detail level of hydropower operation. For Norway, with its hydropower-dominated
electricity sector, the linkage is designed to improve the modelling of hydropower generation and
external electricity markets in the energy system model, and to provide consistent assumptions con-
cerning Norwegian electricity demand and capacity in the power market model. The difference in in-
come of hydropower producers, which is endogenous in both models, is used as a convergence criterion.
The linkage is tested for various future developments of the European power market and is successful for
three of the four analysed instances. However, when the linkage is evaluated in a system with a very high
share of intermittent electricity generation and large variations in electricity price, it fails to converge on
hydropower income. This is because the simulated Norwegian electricity prices differ significantly be-

tween the two models in this situation.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Energy system and power market models are tools that are used
to understand the complexity of the future energy system. An en-
ergy system model is a long-term model with investments in and
operation of the energy system to meet the future energy service
demand, whereas a power market model is an operational model
of the power sector with a high level of detail. This paper presents a
novel methodology that utilises the strength of both these types of
models through a bidirectional linkage. The advantage of this
combined modelling framework is that it gives long-term energy
system investment strategies that explicitly consider the opera-
tional complexity of the power sector. The analysis in this paper
demonstrates that the bidirectional linkage provides a better rep-
resentation of the coupling between the power sector and other
parts of the energy system when the linkage converges and thereby
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improves the quality of the insights provided from both the energy
system and power market models.

The linking methodology is demonstrated with the EMPS power
market model [1] and the TIMES-Norway energy system model [2]
in analysis of the Norwegian energy system towards 2050. Norway
has the largest hydropower generation and reservoir capacity in
Europe, with a reservoir capacity of 84 TWh [3] and a hydropower
share of 96% of the electricity generation mix in 2016 [4]. The
linkage is to design a modelling framework that improves the
representation of the hydropower-dominated electricity sector in
TIMES-Norway and provides consistent model input on Norwegian
electricity capacity and consumption to EMPS. EMPS is a well-
established operational model of electricity markets with a
detailed representation of the Nordic hydropower system and
geographical coverage of all European countries. The model is e.g.
used for hydropower scheduling, electricity price forecasting and to
analyse impacts on power system operations. To exemplify, EMPS is
applied in [5] to study the role of Norwegian hydropower in a
highly renewable European power market, in [6] to analyse the
impact of large-scale wind power integration on European day-
ahead markets, in [7] to assess the strategic use of hydropower in
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a scenario with high wind power integration and in [8] to provide
operational details of the Northern European power market in
transmission capacity planning. TIMES-Norway is widely used to
analyse the cost-optimal development of the Norwegian energy
system towards 2050 for various assumption on e.g. future policies,
demand projections and technology developments. For example,
the model is used in [9] to analyse the energy system effect of the
EU renewable energy directive, in [10] to study the impact of the
green certificate market for different grid and hydropower capacity
expansion scenarios, in [11] to demonstrate how the evolvement of
demand for energy services influences investments in renewable
energy and in [12] to address the welfare cost of a non-coordinated
development of wind power and electricity grid expansion.

1.1. Research motivation

Due to the long-time horizon and the wide sectoral coverage,
simplified modelling of parts of the energy system is often required
to achieve a computationally tractable energy system model.
However, an energy system model with a coarse description of
parts of the energy system can omit details that have a significant
impact on the model results. With more renewables in the elec-
tricity generation mix, there has been an increased focus on how to
handle the power sector in energy system models. According to
[13], a simplified modelling of the power sector presents challenges
related to the representation of intermittent renewables in an en-
ergy system model and can provide misleading results with regard
to flexibility requirements. Further [14], conclude that no current
energy system model has the necessary level of detail for the power
sector, including a sufficient temporal resolution, to represent the
constraints related to the integration of intermittent electricity
generation. Moreover, the impact of different temporal resolutions
and modelling methods designed to include high penetration of
renewables in energy system models is demonstrated in [15]. Their
study shows that a simplified method of balancing electricity
supply and demand overestimates renewable energy integration
capacity in the system by up to 9% and can therefore underestimate
the necessary installed electricity generation capacity or storage
capacity.

A power market model often provides the operation of each of
the individual generation units in the power sector, whereas an
energy system model tends to provide operation according to
technology type [14]. Furthermore, the majority of power market
models have a higher temporal resolution than energy system
models [13] and can include specifications such as ramping times,
start-up costs and minimum up time [14].

Explicit modelling of weather-dependent short-term uncer-
tainty enabling valuation of flexibility, e.g. by use of stochastic
programming [ 16], is state of the art in power market models, such
as unit commitment problems [17]. This is not as widespread in
long-term energy system models, there being just a few examples
of models considering short-term uncertainty of intermittent
electricity generation and demand. These examples include [18]
that demonstrates the impact of policy actions and energy prices on
the cost-optimal development of the energy system in Norway and
Sweden [19], that study the impact of zero energy buildings in the
Scandinavian energy system and [20] that analyse low-carbon
transition at the Svalbard island. The motivation behind a sto-
chastic approach is that a deterministic approach that considers
one operational situation only, can provide sub-optimal in-
vestments. A conclusion of [21] is that ignoring short-term un-
certainties undervalues the need for operational flexibility and can
give insufficient investments. This conclusion is supported by [22]
that show that intermittent renewables are considerably over-
valued, flexible energy technologies are underestimated and that

the total system cost is significantly underestimated in determin-
istic electricity models.

A major challenge when using power market models for long-
term analysis is to provide a consistent model input for installed
capacities, fuel prices and electricity consumption. When consid-
ering a power sector in transition, with increasing shares of inter-
mittent renewables and more electrification, it can be misleading to
base the model input on the current characteristics of the power
sector. For example, with more electricity used in end-use sectors,
in the form of more heat pumps and electric vehicles (EVs), for
example, the future hourly electricity consumption profile will
change [23]. Further, more sources of flexibility, such as demand
response or storage, will also influence the electricity consumption
profile [24]. A main conclusion of [25] is that new approaches are
needed to generate electricity consumption profiles for power
market models, such as EMPS, that are used for long-term analysis.
This paper identifies three possible directions to incorporate the
future use of energy efficiency, new technologies and local flexi-
bility sources in long-term electricity consumption profiles: sec-
toral forecasting of end use, a bottom-up approach and soft-linking
with energy system models.

Energy system models can provide a consistent set of model
parameters to power market models, since electricity consumption
and electricity generation capacities are model outputs. However,
endogenous electricity consumption and generation capacities
from an energy system model are often based on a simplified
representation of the power sector. In this context, a bidirectional
linkage can facilitate the incorporation of the power sector to the
energy system model with a high level of detail.

1.2. Literature review on linking energy system and power market
models

The linking of models in the literature can be split into unidi-
rectional and bidirectional linkage. For unidirectional linkage, a
set of model decisions from the energy system model are used as an
input to the power market model, with no feedback to the energy
system model. For bidirectional linkage, model decisions from the
power market model are also transferred to the energy system
model in an alternating setup in which the two models systemat-
ically modify each other. The iteration between the two models is
executed until the two models converge.

A method for unidirectional linkage was first introduced in [26]
and has been used in several other studies. The principle of the
methodology is to test the performance of the electricity generation
capacity and electricity consumption from the energy system
model in the power market model for a given model period. The
paper links a PLEXOS power market model to evaluate the appro-
priateness of the electric power generation portfolio developed by
the Irish TIMES model and to consider whether it is technically
feasible. The power market model has higher temporal resolution
compared to the TIMES model and includes integer properties like
ramping, start-up costs and minimum up time that is neglected in
the Irish TIMES model. The conclusion of this linking is that the
Irish energy system model provides a reliable power system but
undervalues flexible elements and underestimates wind curtail-
ment. Further, a linkage of a MARKAL energy system model and a
power market model of the Netherlands, that is based on the
methodology presented in [26], is demonstrated in[27]. Their re-
sults show that the energy system model is insufficient to capture
the required investments needs in a future with a high share of
renewables. The same unidirectional linkage methodology is used
in [28] but has a different focus, where linking a TIMES energy
system model and a power market model of Belgium is used to
identify the optimal temporal resolution and modelling of
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operational power market constraints in the TIMES model.

A weakness of a unidirectional linkage is that the insights from
the power market model do not directly improve the results of the
energy system model. Thus, a unidirectional linkage is designed to
verify the feasibility of the model decisions from the energy system
model and is not used to improve the quality of the results. For
example, a unidirectional linkage does not capture whether the
investments in an energy system model should be modified due to
operational constraints in the power sector.

To the authors knowledge, the use of a bidirectional linkage of
an energy system and a power market model is limited to three
studies. A common feature of these studies is that they exclude
either electricity supply or end-use sectors in the energy system
model. This implies that these studies do not utilise the full
strength of the energy system model with endogenous competition
and interplay between various energy carriers and technologies
across sectors.

The first study [29], omits investments in electricity generation
capacity in the TIMES-Norway energy system model in a bidirec-
tional linkage with the EMPS power market model. In the energy
system model, the Norwegian electricity sector is only represented
by an exogenous set of electricity prices, and there are no endog-
enous investments in new power plants whereas the electricity
consumption is endogenous. In the linkage, the electricity con-
sumption from the energy system model is used as an input to the
power market model. Thereafter, the endogenous electricity prices
from the power market model are used as an input to the energy
system model. The iterations between the two models are
continued until the differences in the electricity prices from the
power market model and the electricity consumption in the energy
system model are only marginally changed for a given iteration
compared to the previous iteration. Consequently, the convergence
of the linkage is measured using the same parameters that are
exchanged between the models.

The second study [30], includes only the German electricity
generation, transmission and demand in the energy system model
PERSEUS and excludes end-use sectors, such as buildings, transport
and industry, in the bidirectional linkage with the power market
model AEOLIUS. This implies that electricity consumption is a
model input in both models. In the linking procedure, the electricity
generation capacity from the energy system model is an input to
the power market model. Based on the performance of this capacity
mix in the power market model, constraints on the relationship
between intermittent and flexible capacity are added in the energy
system model. The description of the linking methodology is vague,
and it is not clear how the constraints and convergence criterion are
designed.

Similar to [30], the third study [31], includes only the power
sector of Portugal in a TIMES energy system model in the linkage
with the EnergyPLAN power market model. In the linking, the
electricity generation capacity from the energy system model is
used as an input to the power market model. The convergence
criteria used is as follows: if the electricity generation from inter-
mittent renewable capacity reaches 90% of the annual power
output in the power market model relative to the energy system
model, the solution is satisfactory. Otherwise, a limit on the
maximum renewable capacity is included in the energy system
model based on the performance of the power market model.

As opposed to previous bidirectional linking methodology, the
proposed linking strategy of this paper does not exclude parts of the
energy system in TIMES-Norway. This is to ensure that the evolu-
tion of the entire energy system, including investments and oper-
ation of energy supply, distribution and demand, considers the
operational details of the power sector. This paper also aims to
present a transparent linking methodology with a clearly defined

convergence criterion.

1.2.1. Paper structure

The remainder of this paper is structured as follows: Section 2
elaborates on the models and linking methodology used in the
paper. Section 3 presents the model results from the linked models,
and Section 4 concludes and discusses the value of using a bidi-
rectional linkage between an energy system and a power market
model.

2. Methodology

In this section, the EMPS power market model and the TIMES-
Norway energy system model are described and the differences
between these two models are addressed. Thereafter, a novel
linking strategy is proposed, including a description of the pa-
rameters that are exchanged between the models and the conver-
gence criteria.

2.1. Power market model

EMPS maximises the expected socioeconomic welfare in a hy-
drothermal power system by optimising the dispatch of generation
and transmission capacity. The model fulfils a given electricity
consumption profile with uncertainty regarding weather-
dependent hydro inflow, wind and solar electricity generation,
and temperature-dependent electricity consumption. A strength of
the model is the detailed modelling of hydropower and operation
of systems with energy storage, which includes cascaded hydro-
power systems with numerous reservoirs and power plants. The
uncertainty in weather parameters is represented by a significant
variation in inflow, wind, solar and temperature conditions from
historical weather years affecting electricity generation and con-
sumption. This is illustrated in Fig. 1, which shows the weekly
inflow to Norwegian hydro reservoirs for 30 weather years from
1981 to 2010, where, for example, the energy inflow in week 23
ranges from 338 GWh to 1769 GWh.

The hydro dispatch problem is solved in two phases. First, in the
strategy phase, stochastic dynamic programming is used to calcu-
late water values with uncertainty in weather parameters
described by several historical weather years. The water values
represent the alternative costs of using water instead of storing it,
giving the expected marginal cost of water, and are calculated on a
weekly basis for one aggregated plant and reservoir per node.
Secondly, the operation of the system is simulated for all the
different weather years, finding optimal dispatch in each time step
per node. Optimal dispatch is first found for an aggregated hydro-
power plant and reservoir per node, using the calculated water
values for the current state of the system, thereby considering the
weather uncertainty in the disposal of water. Then the optimal
generation of the aggregated hydropower plants is heuristically
distributed to the individual plants to consider the detailed hy-
dropower system, as illustrated in Fig. 2. The heuristic approach
determining the dispatch of the individual hydropower plants was
developed for a power market with limited of intermittent gener-
ation. According to [32], a more formal optimisation of the plant
dispatch is beneficial for analysing future energy systems with
more intermittent generation. The aforementioned paper demon-
strates that a formal optimisation of dispatch improves the repre-
sentation of the flexibility in the hydro system and thereby lowers
both the peak and the variations in the electricity prices compared
to using the heuristic approach of EMPS.

In this study, the model uses a minimum of 30 historical
weather years as input and the simulated results give optimal
operation for all these weather years. In this paper, a simulated year
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Fig. 2. Illustration of the hydro dispatch optimisation of the EMPS model.

in EMPS is split into 3744 sub-annual time-slices with 2-h resolu-
tion for weekdays and 4 h for weekends. Most of Europe is included
in the spatial scope with the spatial resolution differing between
the European countries covered (see Fig. 3). Note that Norway and
the Nordic countries are modelled with more nodes than other
European countries, with 11 nodes in Norway. The main inputs to
the model include electricity consumption; generation and trans-
mission capacities; fuel and CO, costs; technology characteristics
like efficiencies and physical limitations; and historical weather
data like temperatures, inflow and generation from renewables.
Electricity consumption is divided among a fixed share, a
temperature-dependent share, and interruptible consumption with
a load-shedding cost. Electricity generation from wind and PV are
based on hourly generation values for each node. The main outputs
of the model include the operation of the power plants, electricity
trade between nodes and corresponding marginal costs of
electricity.

2.2. Energy system model

TIMES-Norway is an optimisation model of the Norwegian en-
ergy system that is generated by TIMES (The Integrated MARKAL-

EFOM System) modelling framework [33]. TIMES is a bottom-up
framework that provides a detailed techno-economic description
of resources, energy carriers, conversion technologies and energy
demand. It is mainly used for medium- and long-term analysis on
the global, national and regional levels, including the Energy
Technology Perspective [34]. TIMES models minimize the total
discounted cost of a given energy system to meet the demand for
energy services for the regions over the period analysed. The total
energy system cost includes investment costs in both supply and
demand technologies, operation and maintenance costs, and in-
come from electricity export to and costs of electricity import from
countries outside Norway.

TIMES-Norway is a technology-rich model of the Norwegian
onshore energy system divided into five regions corresponding to
the current electricity market spot price areas. An illustration of the
price areas, with corresponding hydropower generation and
reservoir capacity, are illustrated in Fig. 4. The model provides
operational and investment decisions from the starting year, 2015,
towards 2050, with six model periods within this model horizon. To
capture operational variations in energy generation and end-use,
each model period is divided into 260 sub-annual time slices,
where each week is represented by five weekly time periods. This
paper uses a traditional deterministic modelling approach, where
the electricity generation and end-use demand are represented by
one operational situation for each time-slice. The model has a
detailed description of end-use of energy, and the demand for
energy services is divided into 400 end-use categories within in-
dustry, buildings and transport. Note that energy services refer to
the services provided by consuming a fuel and not the fuel con-
sumption itself. For example, the heating demand in buildings is an
energy service while the fuel used to heat the building is not. Each
energy service demand category can be met by existing and new
technologies using different energy carriers such as electricity, bio
energy, district heating, hydrogen and fossil fuels. Other input data
include fuel prices; electricity prices in countries with transmission
capacity to Norway; renewable resources; and technology charac-
teristics such as costs, efficiencies, and lifetime and learning curves.

2.3. Model comparison

An essential difference between EMPS and TIMES-Norway is the
sectoral coverage of the energy system: TIMES-Norway covers all
supply and demand sectors of the energy system whereas EMPS is
limited to the power sector. Another difference between the models
is the planning horizon: TIMES-Norway provides investments and
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Fig. 3. Illustration of the regional coverage and resolution of the EMPS model, with dotted lines indicating transmission capacity.
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Fig. 4. Map of Norway, divided by price area, indicating hydro generation and storage
capacity.

operation with perfect foresight from 2015 to 2050, and EMPS
models one static power infrastructure and simulates the operation
over multiple weather years. Because of these differences, EMPS

and TIMES-Norway have different characteristics with regard to
which of the parameters are model input (exogenous) and which
are model output (endogenous).

Table 1 gives an overview of the properties of common model
parameters in the two models. As opposed to EMPS, TIMES-Norway
invests in new capacity and thereby has endogenous evolution of
the electricity generation and transmission capacity in Norway.
Also, since TIMES-Norway optimises the use of energy carriers to
meet the future energy service demand, the electricity demand
with sub-annual profile is model output whereas the electricity
demand is a model input to EMPS.

Both models optimise the operation of the electricity sector and
thereby provide endogenous electricity generation and marginal
electricity costs, hereby denoted the electricity price. Note that
EMPS provides the short-run marginal cost of electricity, which is
the lowest cost to produce one new unit, given fixed transmission
and generation capacities, whereas TIMES-Norway provides the
long-run marginal cost, which is the lowest cost to produce one
new unit if the capacity and electricity demand can be freely set.

Further, the spatial and temporal resolution differ considerably
between EMPS and TIMES-Norway. The two models have different
sub-annual temporal resolution, with 260 time-slices in TIMES-
Norway and 3744 time-slices in EMPS. Moreover, EMPS includes
all European countries and TIMES-Norway covers Norway only.
This implies that the electricity prices outside Norway are

Table 1
Properties of common model parameters.

Model parameter EMPS TIMES-Norway
Electricity generation capacity in Norway Exogenous Endogenous
Electricity transmission capacity in Norway  Exogenous Endogenous
Electricity demand in Norway Exogenous Endogenous
Electricity generation in Norway Endogenous  Endogenous
Electricity prices in Norway Endogenous Endogenous
Electricity prices outside Norway Endogenous  Exogenous
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exogenous in TIMES-Norway, whereas these prices are endogenous
in EMPS. Another important difference between the models is the
representation of weather-dependent parameters related to
renewable generation and temperature-dependent demand: EMPS
uses 30 weather years in the water value calculation, whereas
TIMES-Norway provides investments based on one deterministic
future.

In the linking strategy, exogenous parameters in one model are
replaced with endogenous parameters from the other model to
provide results that are based on a consistent model input. Further,
the convergence criterion is based on parameters that are endog-
enous in both models.

2.4. Linking strategy

The primary goal of linking TIMES-Norway and EMPS is to
improve the decision support provided by each of these models. For
TIMES-Norway, the linkage is designed to improve the electricity
trade between Norway and external electricity markets, as well as
the operational hydropower constraints. For EMPS, the primary
motivation for the linkage is that the methodology will provide a
consistent set of data related to Norwegian generation capacity,
transmission capacity and power demand of the future power
sector.

Harmonisation of the model input and structure is the initial
step of the linking strategy. First, the 11 Norwegian regions of EMPS
are mapped to the five regions of TIMES-Norway. Second, the
existing electricity generation capacities, efficiencies and trans-
mission capacities are harmonised for each of the five regions. Both
models use the New Policies in World Energy Outlook 2017 [35] as a
basis for future fossil energy prices.

Fig. 5 illustrates one iteration of the linking between the TIMES-
Norway energy system model and the EMPS power market model.
In this paper, the linkage is executed for the years 2030 and 2050
and for each of the five Norwegian spot price areas. First, the linking
uses electricity trade prices and operational hydropower con-
straints from EMPS as an input to TIMES-Norway. In this instance,
trade prices include prices in countries with transmission capacity
to Norway, namely Finland, the United Kingdom, Germany, the
Netherlands, Denmark and Sweden. The hydropower constraints
are represented by a weekly availability factor for hydropower
generation, where the availability factor is defined as the expected
generation over the maximum theoretical generation given the
installed capacity. Note that there is an exemption for the initial
first linkage iteration, hereby denoted L1, where the TIMES-Norway
model does not include any input from EMPS.

Second, the linking uses the transmission capacity, electricity

generation capacity and electricity consumption from TIMES-
Norway as an input to EMPS. Here, the electricity generation ca-
pacity is split by type, including wind power, hydropower, photo-
voltaic power (PV) and combined heat and power (CHP). The
transmission capacity includes both internal capacity within Nor-
way and capacity to external countries. The electricity consumption
includes demand for each sub-annual time slice.

Third, the corresponding convergence of the TIMES-Norway and
EMPS model results is tested. In this paper, the difference in hy-
dropower income between the two models is used as a test for
convergence. This is motivated by the electricity generation mix in
Norway which is dominated by hydropower and the fact that the
strength of EMPS is the modelling of the Norwegian hydropower
system. For each model, the hydro income is the sum of the
endogenous electricity price multiplied by the endogenous elec-
tricity generation per time slice. For EMPS, the expected income,
using the electricity prices and generation of all simulated weather
years, is used to test for convergence. The hydropower income as a
convergence criterion gives a convergence of generation and elec-
tricity prices, both of which are important. The generation ensures
that the energy balance is similar between the two models, and the
prices considers that the investments in the energy system model
have the same price assumptions as the power market model.

In this paper, five iterations of the linking procedure are
executed to evaluate how the convergence criterion changes with
the number of iterations. In an applied setting, the iterations be-
tween the models can be stopped when the difference in hydro-
power income is lower than a user defined limit. However, if the
convergence criterion is not satisfied, the iteration is continued
according to the described linking procedure.

The exchanged data are adjusted since EMPS is solved for 30
weather years and has a finer temporal and spatial resolution than
TIMES-Norway. Expected weather values from EMPS over the 30
simulated weather years are used from EMPS. To adjust for differ-
ences in temporal resolution, the electricity trade prices from EMPS
are aggregated to the coarser time-slice resolution of TIMES-
Norway, and the electricity consumption data from TIMES-
Norway are disaggregated to the finer spatial resolution of EMPS
based on consumption statistics from 2015.

3. Results

This section presents the analysis instances used to demonstrate
the proposed linkage strategy and shows selected model results of
executed linkage for hydropower income, EMPS electricity prices
and TIMES model results.

Energy system model | Hydropower
TIMES-Norway

. —
income

- Electricity trade prices
- Hydropower operation

v

- Electricity demand
- Electricity generation capacity
- Electricity transmission capacity

Satisfactory
convergence

End iteration

Power market model | Hydropower
EMPS

income

Fig. 5. Illustration of the bidirectional linking methodology.
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3.1. Scenarios

The proposed linking methodology is demonstrated for two
scenarios and two analysis years, 2030 and 2050, giving four
analysis instances. The scenarios differ in their assumptions on the
future evolution of the power market in European countries
outside Norway. The first scenario, Fixed (FIX), assumes that the
power market development in Europe (outside of Norway) is static
and has the same electricity generation capacity, generation and
consumption in 2030 and 2050 as in 2015. The second scenario,
Renewable (RNW), assumes a highly decarbonised energy system
in 2030 and 2050 that are based on and further developed from e-
Highways2050 [32].!

A comparison between the two scenarios for selected power
market assumptions for Germany, the United Kingdom and Swe-
den, which are countries with transmission capacity to Norway, are
illustrated in Table 2. The numbers illustrate that both the elec-
tricity demand and intermittent electricity generation is higher in
RNW than FIX. The presented electricity demand is the initial EMPS
input on electricity demand. The electricity demand is 1%, 12% and
10% higher in 2030 and 18%, 39% and 21% in 2050 for RNW than FIX
for Germany, the United Kingdom and Sweden respectively.
Further, in 2050 the sum of PV and wind generation is 3, 11, and 7
times higher in RNW than FIX for and the respective countries.
Among the selected countries, Germany and the United Kingdom
have the highest share of intermittent generation of the total
electricity generation in RNW, with 79% in 2050.

3.2. Hydropower income and generation

Fig. 6 shows the hydropower income for each analysis instance
from TIMES-Norway and EMPS over five model iterations, hereafter
denoted L1 to L5. Fig. 6 illustrates two characteristics of the linkage
strategy. A first observation is that there are only minor changes in
income in both models from iteration number two, L2, to iteration
number five, L5. A second observation is that the proposed linking
strategy converges for three of the four instances; for the Fixed
scenario, FIX, in both 2030 and 2050 whereas the Renewable sce-
nario, RNW, only converges for 2030. Note that for this study, the
numbers of iterations are limited to five since the model parame-
ters are only marginally changed from the fourth to the fifth iter-
ation. Nevertheless, this does not guarantee that differences in
hydropower income between the two models will be the same for
further iterations.

For the Renewable scenario, RNW, the models only converge in
2030, where the difference in income is 118%, —13% and 2% for

iterations L1, L2 and L5 respectively. For RNW in 2050, however,
there is no convergence since the hydropower income is signifi-
cantly higher for the energy system model than for the power
market model for all iterations. For example, for the fifth iteration,
L5, the income is 6091 million euro for TIMES-Norway and 2829
million euro for EMPS. The divergence is relatively stable from the
second iteration, with 96% and 115% higher income in TIMES-
Norway than in EMPS for L2 and L5 respectively. Consequently,
for RNW in 2050 the two models give completely different results
for the profitability of Norwegian hydropower as a part of a Euro-
pean power market with a high share of renewables.

For all four instances, the hydropower generation is relatively
stable from iteration two, L2, to iteration five, L5, but is slightly
lower in TIMES-Norway than in EMPS. For L5, the deviation in hy-
dropower generation is 2% and 3% in 2030, and 3% and 3% in 2050,
for RNW and FIX respectively. The lower generation in the TIMES-
Norway energy system model indicates that the hydropower con-
straints, derived from expected hydropower operation from 30
weather years in EMPS, are too strict to give the same expected
generation in the two models. This can be related to the approach
used to adapt the spatial and temporal differences between the two
models.

For RNW in 2050, the lower income in EMPS is due to the fact
that the endogenous electricity prices are significantly lower in
EMPS than in TIMES-Norway. This demonstrates that there are
fundamental differences between the two models in terms of how
electricity prices are set in Norway with a high share of intermittent
electricity generation. The results can indicate that the power
market model, where the income of the producers is set by the
difference in clearing price and short-run marginal costs, is not able
to recover their investment and operational expenses in a highly
renewable scenario. Note that the study represents the day-ahead
market only, whereas the income of producers can also be
covered by ancillary services market.

3.3. Electricity prices from the power market model

To illustrate the differences between the power market char-
acteristics in the two scenarios, the electricity price from EMPS for
Germany in 2050 for L5 are plotted for FIX and RNW in Figs. 7 and 8
respectively. The corresponding figures of the German electricity
price for 2030 are included in Appendix A.

The daily electricity price profiles for 30 weather years are
plotted for winter (December, January and February), spring
(March, April, May), summer (June, July and August) and fall
(September, October, November). Note that to better illustrate the

Table 2
Model assumptions on electricity demand and generation in Germany, the United Kingdom and Sweden for two future scenarios, Fixed (FIX) and Renewable (RNW) in 2030
and 2050.
Country/scenario FIX RNW RNW
Model period 2030 and 2050 2030 2050
Electricity demand [TWh)] Germany 591 598 700
United Kingdom 333 372 462
Sweden 136 149 165
PV and wind generation [TWh] Germany 121 298 416

United Kingdom

Sweden

(19% of total generation)
34

(11% of total generation)
11

(8% of total generation)

(57% of total generation)
233

(62% of total generation)
50

(41% of total generation)

(79% of total generation)
382

(79% of total generation)
80

(56% of total generation)

T https://docs.entsoe.eu/baltic-conf/bites/www.e-highway2050.eu/results/.

electricity price characteristics, the y-axis is different in Figs. 7 and
8, and the plots are limited to the 10th and 90th percentiles. These
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Fig. 6. Hydropower income from TIMES-Norway and EMPS for five model iterations and for the FIX scenario (upper) and RNW scenario (lower) in 2030 (left) and 2050 (right). Note
that the difference in hydro income of the first iteration, L1, depends largely on the initial TIMES-Norway assumptions regarding the electricity prices in countries with transmission
capacity to Norway. For the Fixed scenario, FIX, assuming 2015 power market characteristics, the convergence criterion on hydropower income, defined as the difference in income
between the two models, is considerably improved after the second iteration. The difference in hydropower income between TIMES and EMPS is 77%, 3% and 8% in 2030 and

10%, —3% and 1% in 2050 for iterations L1, L2 and L5 respectively.
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Fig. 7. EMPS daily electricity price characteristics of Germany for FIX in 2050 for 30 weather years (1981-2010).

figures demonstrate that the variability of the electricity price is
significantly higher for RNW in 2050 than for the other analysis
instances, both between the weather scenarios and between the
hours of the day. For example, for summer in 2050, the hourly
median price ranges from 39 EUR/MWh at 01:00 to 42 EUR/MWh at
17:00 for FIX, and from 0 EUR/MWh at 13:00 to 145 EUR/MWh at
21:00 for RNW. The daily price variation for RNW, both in 2030 and
2050, shows that electricity prices are lowered in the middle of the
day in the presence of PV and are higher in the evening and at night.
Further, the deviations in electricity price within 1 h are signifi-
cantly higher for RNW in 2050 than the other instances. For
example, in winter 2050 at 24:00, the electricity price ranges from

19 EUR/MWh to 57 EUR/MWh for FIX (36 EUR/MWh to 44 EUR/
MWh for the 10-90th percentile) and between 0 EUR/MWh and
294 EUR/MWh for RNW (10 EUR/MWHh to 208 EUR/MWh for the 10-
90th percentile). The results show similar electricity price charac-
teristics for the other countries that have electricity trade with
Norway.

For RNW in 2050, the average annual hydropower sales price,
derived by dividing the hydropower income by generation, is
significantly different between EMPS and TIMES-Norway. The
annual sales price is 45 EUR/MWHh for TIMES-Norway and 18 EUR/
MWh for EMPS for iteration five, L5. Consequently, the higher
electricity price of TIMES-Norway gives significantly higher
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Fig. 8. EMPS daily electricity price characteristics of Germany for RNW in 2050 for 30 weather years (1981-2010).

investments in new generation technology compared to what is
profitable from an EMPS perspective. The 2050 EMPS electricity
price in the Norwegian spot price area NO3, given the fixed input
from TIMES-Norway, is shown for FIX and RNW in Fig. 9 and Fig. 10
respectively. The corresponding figures for the NO3 electricity price
for 2030 are included in Appendix A. For the instance with diver-
gence, RNW in 2050, the expected electricity price in NO3 is 14 EUR/
MWh. This is significantly lower than the levelised cost of elec-
tricity (LCOE) from wind power, derived from the model input to
TIMES-Norway in NO3, which ranges from 29 to 37 EUR/MWh in
2050. This indicates that, for this instance, the wind power in-
vestments in TIMES-Norway are not compatible with the electricity
prices generated from EMPS. However, this is different for the other
instances for example the expected electricity price for FIX in 2050
of 38 EUR/MWh.

3.4. Energy system model results

Both the electricity generation capacity and the electricity trade,
endogenously set by TIMES-Norway, are significantly affected by
the linkage iterations. Fig. 11 shows the electricity generation ca-
pacity in 2050 for both scenarios and for the five iterations. Among
the electricity generation technologies, wind power capacity is
most sensitive to the linkage iteration and type of scenario. Note
that the PV capacity is equal for all the iterations and scenarios

1 Norway NO3, 2050 —— median
604 RWW 10 and 90 percentil

1. and 3. quantile

Electricity price [€/MWh]
S

12: —““V’““‘\\_/”M\f’—

6 12 18 24 6
Winter

12 18 24 6 12 18 24
Summer Fall

AR
Spring

Fig. 10. EMPS daily electricity price characteristics of NO3 in Norway for RNW in 2050
for 30 weather years (1981—2010).

since it is exogenously set in both models. The Norwegian wind
power capacity is highest in a renewable transition of the European
power market and is 3.6 GW and 12.0 GW in iteration 5, L5, for FIX
and RNW respectively. For both scenarios, the annual electricity
consumption in 2050 varies less than 2% between the five itera-
tions. It is therefore primarily electricity trade that is affected by the
differences in electricity generation capacity. The corresponding
Norwegian net electricity trades in 2050 are shown in Fig. 12. For

. Norway NO3, 2050 —— median
] FIX 10 and 90 percentil
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Fig. 9. EMPS daily electricity price characteristics of NO3 in Norway for FIX in 2050 for 30 weather years (1981—-2010).
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Fig. 11. TIMES-Norway electricity generation capacity in 2050 for five model iterations in FIX and RNW.

FIX, the net electricity export is reduced from 19 TWh in the first
iteration, L1, to 3 TWh in the last iteration, L5. Similarly, for RNW,
the net electricity export ranges from 19 TWhin L1 to 31 TWhin L5.

It is both the electricity trade prices and hydropower constraints
from EMPS that cause different TIMES-Norway results by linkage
iterations. Fig. 13 illustrates how the hydropower generation in
TIMES-Norway changes with the linkage by showing the weekly
generation for FIX in 2050 for the first linkage iteration, L1, and the
fifth linkage iteration, L5. The electricity generation in TIMES-
Norway is higher in winter weeks and lower in summer weeks in
L1 compared to L5. This can indicate that the initial method of
modelling hydropower generation in TIMES-Norway, based on a
more aggregated modelling approach, is more flexible than the
EMPS model with a detailed description of Norwegian hydropower.

4. Conclusions and discussion

This paper proposes and demonstrates a novel bidirectional
linkage strategy between the EMPS power market model and the
TIMES-Norway energy system model. The aim of the linkage is to
provide long-term investment strategies for the energy system that
explicitly consider the complexity of the power sector. The linkage
is executed for two scenarios, with different assumptions con-
cerning the development of the power market in European coun-
tries outside Norway in both 2030 and 2050, giving four analysis
instances. The first scenario, FIX, assumes the European power
system is fixed as in 2015 until 2050. The second scenario, RNW,

assumes a transition to a low-carbon power market, with a sig-
nificant share of intermittent renewables and increased electricity
demand towards 2050 compared to 2015.

The proposed linkage methodology of this paper demonstrates
that it is valuable to use power market models and energy system
models in combination to analyse the future energy system. The
energy system model provides a consistent set of model input data
on electricity generation capacity, transmission capacity and con-
sumption to the power market model. Further, corresponding
constraints on hydropower operation and electricity exchange
prices from the power market model are used as an input to the
energy system model to ensure a realistic representation of the
power market. In this paper, the Norwegian hydropower income is
used as a convergence criterion since Norwegian electricity gen-
eration is primarily hydropower and because the energy system
model, from a computational perspective, is not able to directly
incorporate a detailed description of Norwegian hydropower. The
linkage strategy is successful when the development of the Euro-
pean power market does not deviate significantly from the current
market structure. However, for the Renewable scenario, RNW, in
2050, with large variations in electricity price and a high share of
intermittent electricity supply, the linking strategy fails to converge
on hydropower income. This underlines the importance of testing a
linking strategy for various model assumptions if it is intended as a
general methodology.

The convergence criterion is met for three of the four analysed
instances. There is a divergence for the highly renewable instance
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213
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x
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Fig. 12. Net Norwegian electricity export in for FIX and RNW in 2050 for five linkage iterations.



P. Seljom et al. / Energy 198 (2020) 117311 1

Ul

L1 - TIMES

N w »

[Eny

Hydropower genration [TWh]

o

10 20 30 40 50
Week

Ul

L5 - TIMES

N w »

[y

Hydropower genration [TWh]

o

10 20 30 40 50
Week

Fig. 13. Weekly hydropower generation in 2050 for FIX in TIMES-Norway for L1 and L5.

because the simulated Norwegian electricity price for this situation
differs significantly between the two models. The divergence exists
even though the two models’ input data is harmonised and power
market capacities and consumption are aligned through linkage.
There can be several reasons the convergence is distorted in a
scenario with a high share of renewables. The results indicate that
one reason can be that the day-ahead market does not provide
enough income to the power producers to cover their expenses in a
highly renewable scenario. Further, the divergence can be related to
weaknesses of each of the models or be caused by the linkage
methodology itself. Further research is needed to understand these
mechanisms and thus be able to design a more robust linking
strategy. Nevertheless, it will require insights from both energy
system models, with a detailed description of end-use by sector,
and power sector models, with a detailed representation of the
power market, to find a solution.

When the linkage is successful, the results show that the
convergence criterion on hydropower income is considerably
improved and relatively stable from the second iteration. Conse-
quently, for these instances, a limited computational effort is
required to improve the quality of the results of the energy system
and power market model by applying the linking strategy. Among
the decision variables in the TIMES-Norway energy system model,
it is primarily investments in wind power and Norwegian cross-
border trade of electricity that are affected by the model linkage
whereas the electricity consumption is relatively stable between
model iterations. For example, in 2050 for FIX, the wind power
capacity is 5.8 GW initially and 3.6 GW in the fifth iteration, L5,
whereas the net electricity export changes from 9 TWh initially to
1 TWh in L5. Besides improving the quality of the model results
from TIMES-Norway, the linkage provides results that are not
traditionally provided by long-term energy system models. The
EMPS results provide weather-robust decision support for the
given capacity and demand from TIMES-Norway by giving the
operation of the Norwegian power market for 30 different weather
years.
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Fig. A3. EMPS daily electricity price characteristics of NO3 in Norway for FIX in 2030
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Electricity price [€/MWHh]

504 —— median 10 and 90 percentil [0 1.and 3. quantile
30_ '
20 Norway NO3, 2030

RNW
10
0_

——TT - - —

12 18 24 6 12 18 24 6 1218246 121824
Winter Spring Summer Fall

Fig. A4. EMPS daily electricity price characteristics of NO3 in Norway for RNW in 2050
for 30 weather years (1981—-2010).

References

I
[2
€]
4

[5

]
]

Wolfgang O, et al. Hydro reservoir handling in Norway before and after
deregulation. Energy 2009;34(10):1642—51.

Lind A, Rosenberg E. In: TIMES-Norway model documentation; 2013. LfE.T.
(IFE), https://ife.brage.unit.no/ife-xmlui/handle/11250/2598277?show=full.
Nord Pool Spot. Market data - hydro reservoir. 2014. http://www.
nordpoolspot.com/Market-datal/Power-system-data/hydro-reservoir1/.
Eurostat Eurostat Statistics. European union. http://ec.europa.eu/eurostat/
web/energy/data/database; 2016.

Graabak I, et al. Norway as a battery for the future European power system-
—impacts on the hydropower system. Energies 2017;10(12):2054.

[6]

[7

(8

19

[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]
[34]

[35]

Aigner T, et al. The effect of large-scale wind power on system balancing in
Northern Europe. IEEE Trans Sustain Energy 2012;3(4):751-9.

Farahmand H, et al. Nordic hydropower flexibility and transmission expansion
to support integration of North European wind power. Wind Energy
2015;18(6):1075—103.

Jaehnert S, et al. Transmission expansion planning in Northern Europe in
2030—methodology and analyses. Energy Pol 2013;61(0):125—39.

Lind A, et al. Analysis of the EU renewable energy directive by a techno-
economic optimisation model. Energy Pol 2013;60(0):364—77.

Lind A, Rosenberg E. How do various risk factors influence the green certifi-
cate market of Norway and Sweden? Energy Procedia 2014;58(0):9—15.
Rosenberg E, Lind A, Espegren KA. The impact of future energy demand on
renewable energy production — case of Norway. Energy 2013;61:419—31.
Bjernebye H, Hagem C, Lind A. Optimal location of renewable power. Energy
2018;147:1203—15.

Collins S, et al. Integrating short term variations of the power system into
integrated energy system models: a methodological review. Renew Sustain
Energy Rev 2017;76:839-56.

Després ], et al. Modelling the impacts of variable renewable sources on the
power sector: reconsidering the typology of energy modelling tools. Energy
2015;80:486—95.

Haydt G, et al. The relevance of the energy resource dynamics in the mid/long-
term energy planning models. Renew Energy 2011;36(11):3068—74.
Wallace SW, Fleten S-E. Stochastic programming models in energy. In:
Ruszczynski A, Shapiro A, editors. Handbooks in operations research and
management science. Elsevier; 2003. p. 637—77.

Haberg M. Fundamentals and recent developments in stochastic unit
commitment. Int ] Electr Power Energy Syst 2019;109:38—48.

Seljom P, Tomasgard A. The impact of policy actions and future energy prices
on the cost-optimal development of the energy system in Norway and Swe-
den. Energy Pol 2017;106:85—102.

Seljom P, et al. The impact of zero energy buildings on the scandinavian en-
ergy system. Energy 2017;118:284—-96.

Ringkjeb H-K, Haugan PM, Nybg A. Transitioning remote Arctic settlements to
renewable energy systems — a modelling study of Longyearbyen, Svalbard.
Appl Energy 2020;258:114079.

Sun N, Ellersdorfer I, Swider DJ. Model-based long-term electricity generation
system planning under uncertainty. In: Third international conference on
electric utility deregulation and restructuring and power technologies; 2008
[NanJing China].

Nagl S, Fiirsch M, Dietmar L. The costs of electricity systems with a high share
of fluctutating renewables: a stochastic investment and dispatch optimization
model for Europe. Energy J 2013;34:151-79.

BoBmann T, Staffell I. The shape of future electricity demand: exploring load
curves in 2050s Germany and Britain. Energy 2015;90:1317—33.

Li P-H, Pye S. Assessing the benefits of demand-side flexibility in residential
and transport sectors from an integrated energy systems perspective. Appl
Energy 2018;228:965—79.

Lindberg KB, et al. Long-term electricity load forecasting: current and future
trends. Util Pol 2019;58:102—19.

Deane JP, et al. Soft-linking of a power systems model to an energy systems
model. Energy 2012;42(1):303—12.

Brouwer AS, et al. Operational flexibility and economics of power plants in
future low-carbon power systems. Appl Energy 2015;156(Supplement C):
107-28.

Poncelet K, et al. Impact of the level of temporal and operational detail in
energy-system planning models. Appl Energy 2016;162:631—43.

Fidje A, Rosenberg E, Lindberg KB. Regional TIMES model for Norway with
high time resolution. In: International energy workshop 2009; 2009. Venice,
Italy.

Rosen ], Tietze-Stockinger I, Rentz O. Model-based analysis of effects from
large-scale wind power production. Energy 2007;32(4):575—83.

Pina A, Silva CA, Ferrao P. High-resolution modeling framework for planning
electricity systems with high penetration of renewables. Appl Energy
2013;112:215-23.

Graabak [, et al. Balancing future variable wind and solar power production in
Central-West Europe with Norwegian hydropower. Energy 2019;168:
870—82.
[EA-ETSAP.
13.02.2020.
IEA. Energy technology perspectives 2016 - towards sustainable urban energy
systems. International Energy Agency: OECD Publishing; 2016.

IEA. Energy technology perspectives 2017 - catalysing energy technology
transformation. OECD Publishing: International Energy Agency; 2017.

IEA-ETSAP optimization modeling documentation. 2020.


http://refhub.elsevier.com/S0360-5442(20)30418-7/sref1
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref1
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref1
https://ife.brage.unit.no/ife-xmlui/handle/11250/2598277?show=full
https://ife.brage.unit.no/ife-xmlui/handle/11250/2598277?show=full
http://www.nordpoolspot.com/Market-data1/Power-system-data/hydro-reservoir1/
http://www.nordpoolspot.com/Market-data1/Power-system-data/hydro-reservoir1/
http://ec.europa.eu/eurostat/web/energy/data/database
http://ec.europa.eu/eurostat/web/energy/data/database
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref5
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref5
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref6
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref6
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref6
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref7
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref7
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref7
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref7
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref8
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref8
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref8
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref8
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref9
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref9
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref9
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref10
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref10
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref10
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref11
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref11
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref11
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref11
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref12
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref12
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref12
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref12
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref13
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref13
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref13
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref13
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref14
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref14
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref14
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref14
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref14
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref15
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref15
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref15
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref16
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref16
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref16
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref16
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref17
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref17
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref17
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref18
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref18
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref18
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref18
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref19
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref19
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref19
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref20
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref20
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref20
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref20
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref20
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref20
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref21
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref21
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref21
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref21
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref22
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref22
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref22
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref22
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref23
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref23
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref23
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref23
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref24
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref24
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref24
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref24
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref25
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref25
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref25
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref26
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref26
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref26
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref27
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref27
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref27
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref27
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref28
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref28
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref28
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref29
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref29
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref29
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref30
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref30
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref30
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref30
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref31
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref31
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref31
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref31
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref31
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref32
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref32
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref32
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref32
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref33
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref33
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref34
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref34
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref35
http://refhub.elsevier.com/S0360-5442(20)30418-7/sref35

	Bidirectional linkage between a long-term energy system and a short-term power market model
	1. Introduction
	1.1. Research motivation
	1.2. Literature review on linking energy system and power market models
	1.2.1. Paper structure


	2. Methodology
	2.1. Power market model
	2.2. Energy system model
	2.3. Model comparison
	2.4. Linking strategy

	3. Results
	3.1. Scenarios
	3.2. Hydropower income and generation
	3.3. Electricity prices from the power market model
	3.4. Energy system model results

	4. Conclusions and discussion
	Declaration of competing interests
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A
	References


